The weak relation of systolic blood pressure to left ventricular mass in hypertensive patients is often interpreted as evidence of nonhemodynamic stimuli to muscle growth. To test the hypothesis that left ventricular chamber size, reflecting hemodynamic volume load and myocardial contractility, influences the development of left ventricular hypertrophy in hypertension, we studied actual and theoretic relations of left ventricular mass to left ventricular diastolic chamber volume, pressure and volume load, and an index of contractility. Data were obtained from independently measured M-mode and two-dimensional echocardiograms in 50 normal subjects and 50 untreated patients with essential hypertension. Two indices of overall left ventricular load were assessed: total load (systolic blood pressureX left ventricular endocardial surface area) and peak meridional force (systolic blood pressure x left ventricular cross sectional area). A theoretically optimal left ventricular mass, allowing each subject to achieve mean normal peak stress, was calculated as a function of systolic blood pressure and M-mode left ventricular end-diastolic diameter. Left ventricular mass measured by M-mode echo correlated better with two-dimensional echocardiogram derived left ventricular enddiastolic volume (r=0.56, p<0.001) than with systolic blood pressure (r=0.45, p<0.001) and best with total load or peak meridional force (r=0.68 and 0.70, p<0.001). In multivariate analysis both end-diastolic volume and blood pressure were independent predictors of systolic mass (p <0.001) and explained most of its variability (R=0.75,p <0.001). Theoretically optimal left ventricular mass was more closely related to end-diastolic volume (r= 0.72, p<0.001) than to systolic blood pressure (r=0.46,p<0.001); thus, the relatively weak correlation between blood pressure and optimal mass reflected the influence of left ventricular cavity size, rather than a lack of proportionality between load and hypertrophy. Actual and theoretically optimal left ventricular mass were closely related (r=0.76, p<0.001), indicating that left ventricular hypertrophy in most cases paralleled hemodynamic load. Left ventricular mass was positively related to stroke index and inversely to contractility (as estimated by the end-systolic stress/volume index ratio), the main determinants of left ventricular chamber volume. In multivariate analysis, systolic blood pressure, stroke index, and the end-systolic stress/volume index ratio were each independently related to left ventricular mass index (all p<0.001, multiple R=0.81) and accounted for 66% of its overall variability. These observations suggest that left ventricular chamber size, reflecting hemodynamic profile and inotropic properties, is a major determinant of the degree of left ventricular hypertrophy in hypertension. Theoretic left ventricular mass describes ideal relations among blood pressure, cavity size, and mass, providing evidence that a weak relation between systolic blood pressure and left ventricular mass is compatible with adequate left ventricular load-mass coupling. Total load and peak meridional force, incorporating both pressure and left ventricular geometry, are better predictors of left ventricular mass than systolic blood pressure. (Circulation 1990;
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To test this hypothesis, we examined the relations of arterial pressure, LV stroke volume, and an index of myocardial contractility to LV mass in normotensive and untreated hypertensive adults, using independently measured M-mode and two-dimensional echocardiograms to assure that the same primary measurement did not appear in two terms of any evaluated relationship. To explore the contribution of pressure and volume load to LV hypertrophy, theoretic LV mass was also calculated in each patient to attain the "ideal" state in which peak LV wall stress was fully normalized.15-17 Several indices of LV load were also tested as correlates and potential determinants of the extent of LV hypertrophy.
Methods

Subjects
Fifty patients with borderline to moderate sustained hypertension evaluated primarily at the New York Hospital Hypertension Center (n = 12) or referred to the Center from a worksite-based screening program (n=38) were enrolled on the basis of arterial pressure 140 mm Hg systolic or 90 mm Hg diastolic or higher on three measurements at 1-week intervals. Other eligibility criteria were as follows: absence of any previous antihypertensive or cardioactive treatment to avoid possible effects of treatment on hemodynamics and LV hypertrophy; no evidence of secondary causes of hypertension; no history or physical or electrocardiographic signs of valvular, primary myocardial, or coronary artery disease; and serum creatinine 2 mg/dl or higher. Also studied were 50 normotensive adults from a wellcharacterized, employed population26 in whom multiple clinical blood pressure measurements were consistently less than 140/90 mm Hg. Subjects whose body weight exceeded their ideal by 30% or more were excluded; ideal body weight was defined according to the 1983 Metropolitan Life Insurance Company criteria. 27 Only subjects with both M-mode and two-dimensional echocardiographic tracings of good technical quality were included in the study.
Blood Pressure Measurements
Blood pressure was measured with subjects supine in a quiet room at the end of the echocardiogram, using a mercury sphygmomanometer. Measurements were taken in most subjects by a single sonographer experienced in research and in the remainder by a physician who performed the echocardiogram. Twentyfour-hour blood pressure recordings were obtained in eight normal and 36 hypertensive subjects within 2 weeks of the echocardiographic examination. Subjects were fitted with a commercially available, fully automatic recorder (ICR 5200, Spacelabs, Inc., Bellevue, Washington) on the morning of a working day. Methods for recorder calibration, analysis of the tapes, and editing of the artifactual readings have been previously described.5 Average work, home, and sleep blood pressures were determined as median measurements of at least three technically satisfactory readings in each setting. Average awake and 24-hour blood pressures were also measured in those subjects who had enough recordings in at least the first two or in all three conditions, respectively.
Echocardiography
Measurements of LV dimensions and derived variables were made from both M-mode and twodimensional echocardiograms on each subject, read blinded to clinical data, and interpreted independently of each other so that the same primary echocardiographic measurement was not used to calculate more than one term in any of the relations under evaluation. Echocardiograms were performed by expert sonographers using commercially available echocardiographs with 2.25 to 3.0 MHz transducers. M-Mode Measurements M-mode tracings were recorded under twodimensional guidance on stripchart paper at 50 mm/ sec and analyzed blinded to blood pressure measurements and to the presence or absence of hypertension by two readers (A.G. or M.J.R. and R.B.D.). Tracings were digitized by a graph-pen interfaced to a PDP 11/23 computer (Digital Equipment Corp.).
M-mode measurements were taken at the tip of the mitral valve or just below. LV internal dimensions (LVID) and septal (IVS) and posterior wall thickness (PWT) were measured at end diastole and at end systole as average values of up to seven cardiac cycles. Relative wall thickness (RWT) was measured at end diastole as 2PWT/LVID. LV mass was calculated at end diastole using the Penn convention.28,29 LV mass was also calculated at end systole using American Society of Echocardiography measurements,30 a method previously shown to yield values closely related to and falling along the line of identity with LV mass measured by antemortem echocardiogram at end diastole (r=0.94, n=42, p<0.001) in necropsied subjects.31 Systolic LV mass was measured because its independence of LV diastolic diameter makes it suitable to obtain unbiased correlations with indices of LV size and load derived from two-dimensional echocardiographic measurements of diastolic chamber dimension or area. The relation between end-systolic and Penn convention diastolic LV mass was tested further in 465 normal and hypertensive subjects; over a wide range of LV mass values (48 to 520 g), the correlation between the two variables was excellent (r=0.89, p <0.0001).
Fractional shortening was assessed as a measure of LV ejection phase performance. Peak and endsystolic meridional wall stress was calculated by the Sandler-Dodge formula for a thin-walled prolate ellipsoid32: Stress= (1,333 x SBP x 2r)/h(2r+h), where 1,333 is the conversion factor from mm Hg to dynes, SBP is cuff systolic blood pressure, and r (radius) and h (thickness) correspond to LVID/2 and PWT, respectively. The measurements were taken at end diastole for peak stress, based on the observation that LV dimensions do not change significantly between end diastole and the time of peak wall stress,16 and at end systole for end-systolic stress. The use of cuff systolic blood pressure instead of intraventricular endsystolic pressure in combination with end-systolic LV measurements resulted in end-systolic stress (ESS) values that systematically overstated but were closely correlated with those obtained using intraventricular pressure recordings in patients not receiving vasodilator or inotropic drugs. The values were the same irrespective of whether intraventricular end-systolic pressure was measured at the time of maximal ventricular elastance (mean noninvasive overestimation 5%, r=0.95 vs. invasive measure-ments33) or at the time of aortic valve closure. Use of cuff systolic pressure yielded ESS values that closely paralleled those calculated using dicrotic notch pressure from calibrated carotid pulse tracings in 20 normotensive or hypertensive subjects studied in our laboratory (mean overestimation 14%, r=0.96, p<0.001). Thus, the noninvasive method we used provided ESS values that permitted satisfactory comparison among subjects but which slightly overstated values obtained using LV pressure at the time of end systole by different definitions.
Two-Dimensional Measurements. Wide-angle twodimensional images were recorded on 0.5-in. videotapes and analyzed by means of a Diasonics Cardio Revue Center with frame-by-frame contour digitizing capability. Two-dimensional short axis images were obtained at the level of the papillary muscle tips, and long axis images were recorded in apical twochamber and four-chamber views. Two-dimensional measurements were performed blinded to blood pressure level, the presence or absence of hypertension, and M-mode findings by a single reader (A.G.). Videotapes were reviewed carefully in real time, slow motion, and frame by frame in order to obtain the best definition of endocardial and epicardial contours. Four to six stop-frame images were used to obtain average measurements of left ventricular total, cavity, and myocardial cross-sectional areas as well as long axis dimensions at end diastole (Q wave of the electrocardiogram) and end systole (the smallest cavity area). In parasternal short axis view at the papillary muscle level, LV endocardial and epicardial contours were traced directly on the monitor using a graphic tablet.
According to the black-white method for interface definition, endocardial echoes were excluded from LV cavity area (Ac) while the finest outer line of epicardial echoes was excluded from total LV area (At). Myocardial area (Am) was obtained by subtraction of the cavity area from total area. Since recent research34 has showed that with improvements in echocardiographic technology, measurements of total and myocardial cross-sectional areas using conventional transducers and the black-white interface no longer exhibit the overestimation observed in previous reports. 35, 36 At and Am were not corrected by any empirically derived regression equation. Cavity area might be affected by systematic but mild underestimation.34 However, since the primary goal of our study was to assess the strength of correlation between LV mass and Ac-derived variables rather than their absolute values, Ac was not corrected. The LV long axis (L) was measured in apical four-chamber view from the midpoint of the mitral valve annulus to the apical endocardium. From these direct measurements other measurements could be derived for calculation of several indices of LV geometry and load: a=major hemiaxis (a=L/2); b=minor hemiaxis (b= Ac/3.14); h=average LV wall thickness (h= At/3.14-b); bm=midwall radius (bm=b+h/2). LV end-diastolic volume was measured as an index of ventricular size with the formula for a biplane ellipsoid: end-diastolic volume=wr/6XLxD1xD2, where Dl and D2 are the right-left and the anteroposterior minor axis, respectively. End-diastolic and end-systolic chamber volumes by this method were used to calculate LV stroke volume as a measure of LV volume load. LV chamber geometry was quantitatively described by the minor/ major hemiaxis ratio (b/a ratio),37 which reflects the degree of sphericity of the LV cavity. Peak circumferential wall stress was derived from the formula for a thin-walled prolate ellipsoid with midwall geometry,38 shown by McHale and Greenfield39 to be the most accurate predictor of measured wall stress in basal conditions and to be relatively insensitive to errors in wall thickness and base-to-apex length measurements: 
Indices of LV Load and Contractility
Two indices of LV load, peak meridional force and total load, were assessed. Like wall stress these indices incorporate the main components of ventricular load (LV pressure and chamber size and geometry) but differ from wall stress in that they are independent of wall thickness. Both indices were estimated by twodimensional images in order to obtain more accurate analysis of LV geometry and to allow correlations with M-mode derived LV mass. Peak meridional force represents the pressure load, or maximal force acting in a meridional plane on the wall, based on the fact that at the equator of a prolate ellipsoid the forces stretching and contracting the LV wall must balance at moments of equilibrium of the LV wall163240: Peak meridional force in dynes=LV pressure xLV diastolic crosssectional area=1,333xSBPxAcd. Total load represents the maximal pressure loading acting on the internal surface of a prolate ellipsoid15: Total load in dynes=LV pressurexLV diastolic surface area of an ellipsoid= 1,333 x SBP x 27rx (b2+ ab x [arcsin A/1-(ba)21V-(b/a)2]) where a and b are LV major and minor hemiaxes, respectively.
Because the occurrence of LV hypertrophy in patients with congestive cardiomyopathy without primary pressure or volume overload suggests that an inverse relation may exist between LV mass and inotropic state, the ratio of end-systolic meridional wall stress to end-systolic volume index was calculated as an index of myocardial contractility,41 using M-mode echocardiographic measurements by the leading edge convention30 in catheterization validated formulas.3342 The end-systolic stress/volume index ratio calculated in this manner was closely related (r=0.83,p<0.001) to the slope of the maximal end-systolic myocardial elastance line derived from LV stress-volume relations during load manipulation by angiotensin or nitroprusside in 21 normotensive or hypertensive subjects. 43 Theoretically Optimal LV Mass
We estimated in each subject a theoretically optimal LV mass calculated to allow each subject to achieve a constant normal value of peak systolic stress (ideal condition of iso-normo-stress). Peak systolic wall stress necessary to estimate optimal LV mass was derived from a simplified formula: Peak stress = pressure x radius)/thickness = 1,333 x SBP x (LVIDd/2)/PWTd. The average value of peak stress by this formula in the 50 normal subjects was 500 x 103 dynes/cm2. LV mass was measured from the formula: LV mass= 1.04 [(2PWTd+ LVIDd)3-LVIDd3], assuming interventricular septal and posterior wall thicknesses to be equivalent. In fact, the interventricular septum/posterior wall thickness ratio at end diastole was very similar in normal and hypertensive subjects (1.06+ 0.11 vs. 1.11 ±0.11, respectively;p>0.05). Combination of the above equations allows optimal LV mass to be calculated as a function of SBP and LVIDd: Optimal LV mass=1.04 [(LVIDd [1.333x SBP/500])+LVIDd]3-LVIDd3. Since optimal LV mass is designed to be adequate to the pressure load (SBP) for any given LV size (LVIDd), it describes the theoretically ideal amount of muscle mass and may be used to quantify the respective influence of blood pressure and LV size on LV mass for the hypothetic condition in which hypertrophy normalizes peak LV wall stress perfectly.
Statistical Methods
Data were analyzed by CLINFO statistical software of the Cornell University Clinical Research Center (CLINFO II Users Guide; software by BBN, Software Products Corp, Cambridge, Massachusetts). Data are expressed as the mean with the standard deviation as the index of dispersion. Comparisons between two groups were performed by unpaired t tests. Relations between variables were assessed using univariate linear regression analysis and Pearson's correlation coefficient. Multiple regression analysis was performed to test dependence of LV mass on blood pressure, LV size, and contractile performance.44
Results
Clinical and Echocardiographic Characteristics of Nornal and Hypertensive Subjects
There was no statistical difference in age, gender, race, or body surface area between normal and hypertensive subjects (Table 1) . Screening systolic and diastolic blood pressure, as well as blood pressure under relatively basal conditions at the end of echocardiography, were higher (p <0.01) in the hypertensive group (Table 1) . Compared with normal subjects, hypertensive patients had higher LV posterior wall thickness (p<0.01), end-diastolic volume (p<0.05), relative wall thickness (p<0.01), and conventional and systolic left ventricular mass index (p<0.01) ( Table 2 ). As expected from previous studies,29,31 end-systolic LV mass calculated with American Society of Echocardiography measurements was about 20% greater than LV mass measured by the Penn method.28 Interventricular septal/ posterior wall thickness ratio, diastolic minor/major axis ratio, peak and end-systolic meridional wall stress, fractional shortening, and end-systolic stress/ volume index ratio were similar in the two groups. Hypertensive patients also had increased peak mid- wall circumferential stress (p<0.05), total load (p<0.01), and peak meridional force (p<0.01).
Relation of Left Ventricular Mass to Left Ventricular Size, Shape, and Load Penn convention, systolic, and optimal LV mass all correlated significantly (p<0.001) with both systolic blood pressure measured during the echocardiographic study (r=0.34 to 0.46) and with end-diastolic volume (r=0.56 to 0.72) ( Figure 1 ). It is noteworthy that the correlation coefficient of systolic blood pressure with conventional mass (r=0.45) is almost the Systolic Blood Pressure (mm Hg) same as that with theoretically optimal LV mass (r=0.46) ( Figure 2 ). Screening systolic blood pressures in the overall population (r=0.42,p<0.01) and ambulatory blood pressures in the 44 subjects (eight normotensive and 36 hypertensive) in whom they were available correlated less well than blood pressure at the time of echocardiography with LV mass (Table 3 ) and accordingly were not used in further analyses. Close correlations were found between all three measures of LV mass and total load (r=0.62 to 0.80, p<0.001) or peak meridional force (r=0.66 to 0.85,p<0.001) (Table 4, Figure 1 ). LV diastolic short axis/long axis ratio was significantly but weakly related to Penn LV mass index (r=0.32, p<0.01), LV mass index from end-systolic measurements (r=0.37, p<0.001), and optimal LV mass (r=0.41, p<0.001) ( Table 4 ). When systolic blood pressure, LV enddiastolic volume, and body surface area were entered as independent variables in a multiple regression model, high coefficients of determination were found with either Penn or systolic LV mass as dependent variables (R2=0.61 and 0.56, respectively;p<0.0001); these values of R2 were close to the coefficient of determination observed with theoretically optimal LV mass as the dependent variable (R2= 0.67) ( Table  5 ). All these observations suggest that in this population actual LV mass is highly dependent on systolic blood pressure and LV size, similarly to ideal LV mass. Consistent with this interpretation is the finding that Penn and theoretically optimal LV mass were closely related to each other (r=0.76,p<0.001).
Blood Pressure, Stroke Volume, and Myocardial Contractility as Independent Determinants of LV Mass
Since LV mass is strongly dependent on LV chamber size, which is in turn physiologically determined by stroke volume and myocardial contractility, LV mass index was also related to stroke volume index and the end-systolic stress/end-systolic ratio. LV stroke volume index was measured by two-dimensional echocardiography, and the end-systolic stress/volume index ratio was derived from end-systolic M-mode measurements to allow correlations with Penn LV mass index derived from end-diastolic M-mode measurements as free of bias as possible. LV mass index was related Statistical difference versus normal group: *p<0.01 and tp<0.05. r, correlation coefficient;p, probability; BP, blood pressure (mm Hg); ambulatory BP, average of the ambulatory blood pressures recorded during occupational work (work BP), during activities in nonworking site (home BP), during sleep (sleep BP), and average of the 24-hr recordings (24-hr BP); echo BP, blood pressure measured at the end of the echocardiographic study. positively to stroke volume index (r= 0.60, p<0.001) as well as systolic blood pressure (r= 0.45, p<0.001) and inversely to the end-systolic stress/volume index ratio (r=-0.48, p<0.001). Because the rightward shift of LV pressure-volume and stress-volume relations in connection with series replication of sarcomeres in dilated hearts might artifactually decrease the ESS/ESVI ratio in the presence of normal contractility, analyses were repeated after exclusion of the six subjects with slightly increased LV enddiastolic dimensions (5.7 to 6.1 cm); no change occurred in the inverse relation between LV mass and the stress/volume index ratio (r= -0.47,p<0.001).
Multiple regression analysis showed that systolic blood pressure, stroke volume, and the stress/volume ratio were all powerful, independent predictors of LV mass index (p<0.0001). LV mass index was closely determined by these three independent variables (r=0.81, p<0.0001) in the following multiple linear regression equation: LV mass index=2.156+(0.869 SBP) + (0.692 stroke volume index) -(17.43 endsystolic stress/volume index). The strength of these correlations was not increased by use of nonlinear as opposed to linear relations in either univariate or multivariate analysis.
Discussion
According to generally accepted concepts the pressure-overloaded left ventricle adapts to a sustained rise in afterload by increasing its muscle mass in a concentric pattern. 16 If wall thickness grows proportionately to the pressure load, LV systolic wall stress remains normal with beneficial effects on ejection phase performance and oxygen consumption per unit myocardium. 19, 38, 45 However, the potential influence of LV volume load and contractility on hypertensive LV hypertrophy has been neglected in studies relating hemodynamic load and LV structural adapation for both conceptual and methodologic reasons. Left ventricular chamber size has been thought to be almost constant in long-standing, compensated pressure overload.45 From this point of view, hypertensive heart disease has conceptually been assimilated to other forms of pressure overload such as aortic stenosis, in which LV dilation represents a transition toward LV failure. However, recent reports have shown in hypertensive rats46,47 and in humans with untreated essential hypertension25 that hemodynamic factors may induce eccentric LV hypertrophy associated with high cardiac output. Relative or absolute increases in LV chamber dimensions or cardiac output also may occur in early human hypertension and even in some patients with established hypertension of moderate severity.18,20-23,25 Since LV chamber size contributes directly to wall stress, which in turn is considered to be the hemodynamic trigger for hypertrophy,16 any change in LV size for a given pressure should induce proportional modifications in ventricular load and, consequently, parallel changes in LV hypertrophy.
A serious difficulty in relating LV mass to ventricular geometry in hypertensive patients has been posed by methodologic problems. The most widely used method for measuring LV mass in asymptomatic subjects is M-mode echocardiography, which allows estimation of mass by necropsy validated methods.28,29,31 However, LV chamber size can be assessed only in the single plane of the LV minor axis, while the long axis cannot be assessed to evaluate LV shape. Moreover, any correlation between M-mode derived LV mass and LV diameter is inevitably biased because the same LV diameter is also included in the formula used to calculate LV mass. To make possible appropriate measurements of LV size and geometry and to obtain unbiased estimates of their relations with myocardial mass, LV enddiastolic volume and shape and LV stroke volume were assessed in this study from two-dimensional short-axis and apical views, whereas independent readings of M-mode tracings, performed blinded to two-dimensional findings, were used to calculate LV mass at end systole and end diastole.
Relation of Left Ventricular Chamber Size and Mass
The present study shows that LV chamber size is a strong determinant of overall LV mass independent of blood pressure. In fact, both systolic blood pressure and two-dimensional echocardiographically derived LV end-diastolic volume were significantly related to Penn convention, systolic, and theoretically optimal LV mass calculated from M-mode echocardiographic measurements, either in univariate or multivariate analyses (Tables 4 and 5 ). Whatever index of LV mass was considered, LV mass was more closely related to LV volume than to systolic blood pressure. The close relation of LV systolic mass to end-diastolic cavity size and derived indices of LV load (Figure 1 ) provides particularly strong evidence that the observed relations are not a result of autocorrelation between variables but reflect a true pathophysiologic relation. Surprisingly, the correlation between systolic blood pressure and observed LV mass index by the anatomically validated Penn method (r=0.45) was nearly identical to that between systolic blood pressure and theoretically optimal LV mass (r=0.46) ( Figure 2 ). Since optimal LV mass was calculated to normalize peak systolic LV wall stress for observed systolic blood pressure and LV chamber size, the modest correlation between systolic blood pressure and optimal LV mass nevertheless reflected nearly optimal matching between blood pressure and LV mass for a given range of LV size. It is noteworthy that actual and ideal LV mass were closely related to each other (r=0.76), providing further evidence that in our population of mild, asymptomatic, untreated hypertensive patients LV hypertrophy in most cases paralleled the hemodynamic load. These observations also provide evidence that a relatively low correlation coefficient between blood pressure and LV mass in hypertensive patients reflects the strong effect of concomitant variability of LV chamber size and volume load, rather than indicating a lack of proportionality between LV hypertrophy and pressure load. The fact that 38 of 50 hypertensives and all 50 normotensives in the present study were drawn from well-characterized, employed populations suggests that our findings might be generally applicable to patients with mild essential hypertension, who constitute the large majority of adults with elevated blood pressure.
The multivariate analyses confirmed the independence of LV volume as a determinant of LV mass ( Table 5 ). The quantitative dependence of LV mass on systolic blood pressure and end-diastolic volume can be estimated from the multiple regression equations in Table 5 ; for instance, either an increase of 10 mm Hg in systolic blood pressure (at constant enddiastolic volume) or an increase of 10 ml in enddiastolic volume (at constant pressure) induces an equivalent rise of about 10 g in LV mass (Equation 2, Table 5 ). As a consequence of the independent role of LV chamber size in influencing LV mass, indices of load incorporating both blood pressure and LV cavity size are better predictors of LV mass than SBP. Both total load and peak meridional force showed close relations not only with conventional and optimal LV mass, but also with the systolic LV mass (r=0.62 for total load and 0.66 for peak meridional force) (Figure 1 ).
LV chamber geometry was not substantially different between normal and hypertensive subjects. However, a weak but significant positive correlation was observed between chamber shape (minor/major axis ratio) and LV mass (Table 4 ), providing evidence that some degree of LV cavity deformation occurs when hypertrophy develops. Change in LV geometry probably reflects substantial alterations of LV volume load in some hypertensive patients. In fact, an increase in LV mass associated with a more spheric cavity shape mimics the geometric pattern of volumeoverloaded left ventricles. In the subgroup in which we obtained ambulatory blood pressure recordings (44 of 100 subjects), we found no closer correlations between LV mass and work, home, sleep, or 24-hour average pressures than with blood pressure measured at the time of echocardiography (Table 3) . This surprising finding could be explained, in part, by the highly standardized conditions in which resting blood pressure was measured, which was responsible for an unusually high level of correlation with LV mass, and, in part, by heterogeneity of occupations among our employed hypertensives, which might cause some subjects' pressures during the pauses in activity needed for ambulatory pressure measurements to understate the blood pressure level during occupational physical stress. Thus, results from this subgroup of patients make it unlikely that unreliability of blood pressure estimates was responsible for the relatively weak correlation coefficient we found between blood pressure and LV mass.
Relation of Left Ventricular Mass to Hemodynamic Load and Contractile Performance
Strong dependence of LV mass on chamber size implies that the main physiologic determinants of LV volume, stroke volume, and myocardial contractility are likely to be related to LV mass. When M-mode LV mass index (Penn) was related to stroke volume index and the end-systolic stress/volume index ratio (an indirect index of myocardial contractility), a positive correlation with LV stroke index and an inverse one with the end-systolic stress/volume index ratio were found. Multiple regression analysis showed very close dependence of LV mass on systolic blood pressure, stroke volume, and contractile performance (multiple R=0.81,p<0.0001), and the multiple regression equation allowed analysis of the interacting effects of these factors. Figure 3 shows schematically the relationships revealed by multivariate analysis between two values of LV mass index (75 and 110 g/m2) and different combinations of SBP, stroke index, and end-systolic stress/volume index ratio. Modification of one of these factors induces a proportional change in LV mass only if the other two factors remain constant, as illustrated by the change in LV mass index when systolic blood pressure was raised from 110 to 150 mm Hg with constant stroke index and stress/ratio (Figure 3 , points A to B). Figure 4 illustrates quantitatively the impact that alterations in LV contractility would have on the blood pressure that a left ventricle of specified mass could bear for given levels of stroke index. For instance, LV mass may remain constant in the face of higher blood pressure if a proportional increase in contractility (AB, A'B') and/or reduction in stroke volume occurs (A-D, B-C, A'-D', and B'-C'), or LV mass may increase by the effect of increase in blood pressure at constant stroke index and contractility (A-A', B-B', C-C', and D-D'). Support for an inverse relation between myocardial contractile performance and the blood pressure a given LV mass will bear is provided by clinical studies in which hypertensive patients who had normal LV mass were found to have evidence of increased myocardial contractility. 22 cm3, left to right, respectively). Constant levels of LV mass index (LVMI) (75 g/m2 in the upperpanel and 10 g/m2 in the lowerpanel) can sustain progressive increases in systolic blood pressure if a concomitant increase in ESS/ESVi (from 2.3 to 4.1 dynes . 107/cm3; A-B, A'-B'), or reduction in SVi (from 75 to 25 ml/m2; B-C, B'-C'), or both (A-C, A'-C') occur. Data points are the same as in Figure 3 . to blood pressure if there is concomitant increase in stroke volume (Figure 3 ). These conditions parallel the clinical situation in which hypertension accompanied by normal or elevated stroke volume results in concentric or eccentric LV hypertrophy.25 Depression of inotropic state could also induce LV hypertrophy ( Figure 3 ) through LV chamber dilatation (Starling's mechanism) and consequent increase in wall stress. However, the inverse relation between LV mass and the end-systolic stress/volume index ratio in our patients was unaffected by exclusion of the small number of individuals with minimal LV chamber enlargement, suggesting that this relation was mediated by mechanisms other than chamber dilatation in our subjects. Further research using invasive methods that define LV inotropic state more precisely than possible by indirect noninvasive techniques will be needed to resolve this question.
If we look at the interplay of pressure, volume load, and contractility from the point of view of the regression of LV hypertrophy, it is worthy of note that reduction of blood pressure and stroke volume and increase in LV contractility should be synergistic in inducing regression of hypertrophy. On the con-
Limitations of Contractility Index
The inferences made in the present study about the role of myocardial contractility based on use of the end-systolic stress/volume index ratio must be regarded as tentative in view of recognized limitations of this single-point index. First, since the volume intercept of the end-systolic stress/volume line generated during load manipulation is usually positive, the stress/volume ratio will be lower in a given heart at larger end-systolic volumes. Extrapolating this observation to comparison between different hearts under basal conditions, one would expect that if ejection fractions were equal, the end-systolic stress/volume ratio would also be lower in hearts of larger end-diastolic size, which would also have larger muscle masses. However, this phenomenon may not be entirely artifactual: we have observed that ejection-phase LV function is lower in association with lower stress/volume index ratios in the larger hearts of "normal" men as opposed to women51 and may be attenuated by the tendency we have found for the end-systolic stress/volume ratio to be less depressed than ventricular elastance (estimated from the slope of the end-systolic stress/volume line) in patients with low values for the latter measure. 43 Second, it has been suggested recently52 that measures of ventricular elastance should be normalized for ventricular chamber size to assess myocardial contractility accurately, a point that requires further study.53 Third, since our data were derived from normotensives and untreated hypertensive patients with generally mild hypertension and from normal to mildly increased LV mass, caution is needed in extrapolating the present findings to patients on medication or with marked elevations of blood pressure or ventricular mass.
Summary
In conclusion, the observations of the present study suggest that alterations of systemic hemodynamics (especially of cardiac output) and of myocardial contractility, acting through their effects on LV chamber size, can be responsible for important modifications of the degree and pattern of hypertensive LV hypertrophy from those predicted from blood pressure level alone. Consequently, indices of overall LV load which incorporate blood pressure and LV cavity size and geometry, such as total load and peak meridional force, describe more accurately the hemodynamic load responsible for LV hypertrophy in hypertensive patients. Finally, our data provide evidence that a weak relation between blood pressure and LV mass is compatible with adequate LV loadmass coupling since much of the scatter in this relation is due to concomitant variations of LV chamber size, reflecting the spectrum of LV volume load and inotropic state seen in hypertensive patients. The observed relation of LV mass to blood pressure, volume load, and myocardial contractility appears to provide a conceptual framework to explain some apparently conflicting findings, such as the lack of LV hypertrophy in a number of hypertensive patients, the occurrence of different patterns of hypertrophy, and the disparate responses of LV mass to antihypertensive drugs.
